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LQOHW UDGLDWLRQ IXUQDFH WXEH RI HWK\OHQH S\URO\VLV IXUQDFH &U1L1E0$ DOOR\ ZDV XVHG DV RXWOHW UDGLDWLRQ
IXUQDFHWXEHVWKHZDOOWHPSHUDWXUHFDQUHDFKWRćWKHGHVLJQOLIHLVJHQHUDOO\K>@
$IWHUORQJWHUPVHUYLFHDWKLJKWHPSHUDWXUHFDUEXUL]DWLRQDSSHDUHGDWWKHLQQHUVXUIDFHRI&U1L1E0$DQG
&U1L1E0$DOOR\IXUQDFHWXEHV$VXUYH\RIWKHXVLQJFRQGLWLRQRI6LQRSHFHWK\OHQHS\URO\VLVIXUQDFHWXEHV
LQYHVWLJDWHGE\6LQRSHF7XEH4XDOLW\7HVWDQG(YDOXDWLRQ&HQWHUKHUHLQDIWHUUHIHUUHGWRDV6LQRSHF7XEH&HQWHU
VKRZHGWKDWWKHIDLOXUHPRGHFDXVHGE\FDUEXUL]DWLRQZDVXSWRRIWKHWRWDOIDLOXUHPRGHRIHWK\OHQHS\URO\VLV
IXUQDFH WXEHV WKHUHVXOWVZDVFORVH WR WKHVWDWLVWLFV LQ$PHULFDDQG-DSDQ>@7KXVFDUEXUL]DWLRQZDVRQHRI WKH
LPSRUWDQWIDFWRUVDIIHFWLQJWKHVHUYLFHOLYHVRIHWK\OHQHS\URO\VLVIXUQDFHWXEHV
$FFRUGLQJ WR WKHSURYLVLRQRI6+6 0DLQWHQDQFH DQG2YHUKDXO3URFHGXUHVRI7XEXODU3\URO\VLV
)XUQDFHZKHQWKHWKLFNQHVVRIFDUEXUL]LQJ]RQHZDVJUHDWHUWKDQRIZDOOWKLFNQHVVUHSODFLQJWKHUDGLDWLRQ
VHFWLRQRIIXUQDFHWXEHVLQVHUYLFHVKRXOGEHFRQVLGHUHG>@WKHFDUEXUL]HGOD\HUWKLFNQHVVRIWKHHWK\OHQHS\URO\VLV
IXUQDFHWXEHEHFDPHRQHRIWKHLPSRUWDQWLQGLFDWRUVZKHWKHUWRUHSODFHWKHIXUQDFHWXEH
7KH GHWHFWLRQ RI FDUEXUL]DWLRQ GHJUHH RQ WKH HWK\OHQH S\URO\VLV IXUQDFH WXEHV DW KRPH DQG DEURDG PDLQO\
LQFOXGHGWZRDVSHFWV7KHFDUEXUL]DWLRQGHJUHHZDVGHWHFWHGE\SK\VLFDODQGFKHPLFDOWHVWLQJRQWKHWXEHFXWWLQJ
GRZQIURPWKHIXUQDFHE\WKLVPHWKRGWKHGHWHFWLRQDFFXUDF\ZDVKLJKKRZHYHUWKHTXDQWLW\RIWKHGHWHFWHGWXEHV
ZDVQRWHQRXJKWKHWHVWUHVXOWZDVODFNLQJRIUHSUHVHQWDWLYHQHVV>@7KHFDUEXUL]DWLRQRIHWK\OHQHS\URO\VLV
IXUQDFHWXEHVLQVHUYLFHZHUHGHWHFWHGE\FDUEXUL]LQJWHVWHUE\QRQGHVWUXFWLYHZD\GXHWRWKHVWDQGDUGVDPSOHVRI
FDUEXUL]LQJ IXUQDFH WXEHVZLWK GLIIHUHQW PDWHULDOV RU GLIIHUHQW VL]HZHUH DEVHQW ZKLFK ZHUH ODFNLQJ RI DFFXUDWH
FRUUHVSRQGHQFHEHWZHHQ WKHRXWSXWYDOXHVRI FDUEXUL]LQJGHWHFWRUDQG WKHDFWXDOGHJUHHRI FDUEXUL]DWLRQ IXUQDFH
WXEHVWKHDSSOLFDWLRQRIFDUEXUL]LQJWHVWHUZDVOLPLWHG>@7KHUHIRUHSHWURFKHPLFDOHQWHUSULVHVDWKRPHZHUH
ODFNLQJRIFDUEXUL]LQJWHVWLWHPVLQWKHGHWHFWLRQRIHWK\OHQHS\URO\VLVIXUQDFHWXEHVDWVHUYLFHZKHWKHUWRUHSODFH
WKHHWK\OHQHS\URO\VLVIXUQDFHWXEHVPDLQO\EDVHGRQHQJLQHHULQJH[SHULHQFH
7KH FDUEXUL]DWLRQ GHJUHH RI HWK\OHQH S\URO\VLV IXUQDFH WXEHV SURYLGHG IURP  SHWURFKHPLFDO HQWHUSULVHV ZLWK
GLIIHUHQWPDWHULDOV&U1L1E0$DOOR\DQG&U1L1E0$DOOR\DQGGLIIHUHQWVHUYLFHWLPHZHUHGHWHFWHG
E\6LQRSHF7XEH&HQWHU ,Q WKLVSDSHU WKHGHWHFWLRQUHVXOWVRIFDUERQFRQWHQWDW LQQHUZDOODQGFDUEXUL]LQJ OD\HU
WKLFNQHVVRQWKHFDUEXUL]LQJIXUQDFHWXEHVDIWHUVHUYLFHZHUHDQDO\]HGZKLFKZRXOGJHWVWDWLVWLFDOUXOHVRIGRPHVWLF
HWK\OHQHS\URO\VLV IXUQDFH WXEHVFDUEXUL]DWLRQGHJUHH VRDV WRHVWDEOLVKFRUUHVSRQGLQJFXUYHEHWZHHQ WKHRXWSXW
YDOXHRI FDUEXUL]LQJ WHVWHUV DQG WKH FDUEXUL]LQJ OD\HU WKLFNQHVV DQGSURYLGHEDVLV GDWDEDVH IRU FDUEXUL]LQJ WHVWHU
ZKLFKZRXOGSURYLGHDFFXUDWHFDUEXUL]LQJGHWHFWLRQRQHWK\OHQHS\URO\VLVIXUQDFHWXEHLQVHUYLFHLQIXWXUH
0DWHULDOVDQGPHWKRGVRIH[SHULPHQWV
7KH PDWHULDOV LQFOXGHG  SLHFHV RI &U1L1E0$ PDWHULDO WXEHV DQG  SLHFHV RI &U1L1E0$
PDWHULDOWXEHVDIWHUVHUYLFHIURPSHWURFKHPLFDOHQWHUSULVHV7KHVHUYLFHWLPHRIGLIIHUHQWPDWHULDOWXEHVZDVVKRZQ
LQ7DEOH
7KH LQQHU ZDOOV RI &U1L1E0$ DQG &U1L1E0$ DOOR\ FDUEXUL]LQJ IXUQDFH WXEHV ZLWK GLIIHUHQW
VHUYLFHWLPHZHUHPLOOHGJULWVDQGSDSHUZHUHXVLQJWRJULQGWKHFDUERQFRQWHQWDWLQQHUZDOOZDVGHWHFWHGE\
RSWLFDOHPLVVLRQVSHFWURSKRWRPHWU\
%DVHGRQ1DFH70ǉ6WDQGDUG WHVWPHWKRGV IRUPHDVXULQJ WKH FDUEXUL]DWLRQRI DOOR\V IRU HWK\OHQH
S\URO\VLV IXUQDFH WXEHVǊ>@ WKHHWFKDQW VROXWLRQVKDOOEHDPL[WXUHRIZWQLWULFDFLG +12DQGZW
K\GURIOXRULFDFLG+)7KHWHVWVSHFLPHQVVKDOOEHLPPHUVHGLQ WKHHWFKDQWVROXWLRQ7KHJULQGHGVXUIDFHVRI WKH
WHVW VSHFLPHQV VKDOO IDFH XSZDUG 7KH WHVW VSHFLPHQV VKDOO EH LPPHUVHG IRU WZR KRXUV DW URRP WHPSHUDWXUH
)ROORZLQJ LPPHUVLRQ WKH WHVW VSHFLPHQV VKDOO EH UHPRYHG IURP WKH VROXWLRQ ULQVHG ZLWK ZDWHU DQG GU\ WKH
FDUEXUL]LQJOD\HUWKLFNQHVVDWGLIIHUHQWSRVLWLRQRIWKHFURVVVHFWLRQRQWKHVSHFLPHQVKDOOEHREVHUYHG
7KHFURVV VHFWLRQVRI&U1L1E0$DQG&U1L1E0$DOOR\ IXUQDFH WXEHVZLWKGLIIHUHQW VHUYLFH WLPH
ZHUHVHOHFWHGIRUWKHGHWHFWLYHVXUIDFH8VLQJWKHJULWVDQGSDSHUWRJULQGGHWHFWLYHVXUIDFHDIWHUJULQGLQJWKH
GHWHFWLYHVXUIDFHZDVSROLVKHG9LFNHUVKDUGQHVV+9WHVWZHUHFDUULHGRXWIURPLQQHUZDOOWRRXWHUZDOORIWKH
IXUQDFHWXEHVSHFLPHQZLWKPPLQWHUYDOVRQFURVVVHFWLRQWKHQGUDZWKHFXUYHRI9LFNHUVKDUGQHVVFKDQJHVIURP
LQQHUZDOOWRRXWHUZDOORQWKHIXUQDFHWXEHVDPSOHZKLFKFRXOGREVHUYHWKHFKDQJHVRIGLIIHUHQWSDUWVRI9LFNHUV
KDUGQHVV

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7DEOH6HUYLFHWLPHDQGQXPEHURIGLIIHUHQWPDWHULDOIXUQDFHWXEHV
PDWHULDO VHUYLFHWLPH˄\HDU˅ QXPEHU˄SLHFH˅
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3.1. Carburized layer thickness 
7KH FDUEXUL]HG OD\HU WKLFNQHVV RISLHFHV RI&U1L1E0$DOOR\ WXEHVZLWK GLIIHUHQW VHUYLFH WLPHZHUH
GHWHFWHG E\ PDFURVWUXFWXUH HWFKLQJ WHVW DQG 9LFNHUV KDUGQHVV WHVW DV VKRZQ LQ )LJ   SLHFHV RI WXEHV ZLWK
FDUEXUL]HG OD\HU WKLFNQHVVHV OHVV WKDQ RI WKHZDOO WKLFNQHVVZKLFKZDV DERXW RI WRWDO WHVWLQJ WXEHV 
SLHFHVRIWXEHVZLWKFDUEXUL]HGOD\HUWKLFNQHVVHVDERXWaRIWKHZDOO WKLFNQHVVZKLFKZDVDERXWRI
WRWDOWHVWLQJWXEHVSLHFHVRIWXEHVZLWKFDUEXUL]HGOD\HUWKLFNQHVVHVDERXWaRIWKHZDOOWKLFNQHVVZKLFK
ZDVDERXWRIWRWDOWHVWLQJWXEHVZKLOHSLHFHVRIWXEHVZLWKFDUEXUL]HGOD\HUWKLFNQHVVHVPRUHWKDQRIWKH
ZDOOWKLFNQHVVZKLFKZDVDERXWRIWRWDOWHVWLQJWXEHV
7KH FDUEXUL]HG OD\HU WKLFNQHVV RISLHFHV RI&U1L1E0$DOOR\ WXEHVZLWK GLIIHUHQW VHUYLFH WLPHZHUH
GHWHFWHG E\ PDFURVWUXFWXUH HWFKLQJ WHVW DQG 9LFNHUV KDUGQHVV WHVW DV VKRZQ LQ )LJ   SLHFHV RI WXEHV ZLWK
FDUEXUL]HG OD\HU WKLFNQHVVHV OHVV WKDQ RI WKHZDOO WKLFNQHVVZKLFKZDV DERXW RI WRWDO WHVWLQJ WXEHV 
SLHFHVRIWXEHVZLWKFDUEXUL]HGOD\HUWKLFNQHVVHVDERXWaRIWKHZDOO WKLFNQHVVZKLFKZDVDERXWRI
WRWDOWHVWLQJWXEHVSLHFHVRIWXEHVZLWKFDUEXUL]HGOD\HUWKLFNQHVVHVDERXWaRIWKHZDOOWKLFNQHVVZKLFK
ZDVDERXWRIWRWDOWHVWLQJWXEHVZKLOHSLHFHRIWXEHZLWKFDUEXUL]HGOD\HUWKLFNQHVVHVPRUHWKDQRIWKH
ZDOOWKLFNQHVVZKLFKZDVDERXWRIWRWDOWHVWLQJWXEHV


)LJ6WDWLVWLFVRIFDUEXUL]HGOD\HUWKLFNQHVVRI&U1L1E0$DOOR\IXUQDFHWXEHV
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

)LJ6WDWLVWLFRIFDUEXUL]HGOD\HUWKLFNQHVVRI&U1L1E0$DOOR\IXUQDFHWXEHV
7KHUHVXOWVRIFDUEXUL]HGOD\HUWKLFNQHVVGHWHFWLRQRIWKHSLHFHVRI&U1L1E0$DOOR\IXUQDFHWXEHVDQG
SLHFHVRI&U1L1E0$DOOR\IXUQDFHWXEHVZHUHFRPSDUHGLWVKRZHGWKDWLQSLHFHVRI&U1L1E0$
DOOR\ IXUQDFH WXEHV RQO\  SLHFH RI IXUQDFH WXEHZLWK WKLFNQHVV RI FDUEXUL]HG OD\HUPRUH WKDQ  RI WKHZDOO
WKLFNQHVVZKLOHLQSLHFHVRI&U1L1E0$DOOR\IXUQDFHWXEHVSLHFHVRIIXUQDFHWXEHVZLWKWKLFNQHVVRI
FDUEXUL]HG OD\HU PRUH WKDQ  RI WKH ZDOO WKLFNQHVV FRPSDUHG WR WKH &U1L1E0$ DOOR\ IXUQDFH WXEHV
&U1L1E0$DOOR\WXEHH[KLELWHGEHWWHUDQWLFDUEXUL]DWLRQSHUIRUPDQFH
3.2. Carbon content of inner wall 
7KHLQQHUZDOOFDUERQFRQWHQWVRISLHFHV&U1L1E0$DOOR\IXUQDFHWXEHVZLWKGLIIHUHQWFDUEXUL]HGOD\HU
WKLFNQHVVPHQWLRQHGSUHYLRXVO\ZHUHGHWHFWHG7KHXSSHUUDQJHYDOXHRIFDUERQFRQWHQWRI&U1L1E0$DOOR\
IXUQDFHWXEHVLQVSHFLILFDWLRQVZDVZWRQHQJLQHHULQJJHQHUDOO\7KHLQQHUZDOOFDUERQFRQWHQWVRISLHFHV
IXUQDFHWXEHVZHUHVKRZQLQ)LJSLHFHVRIIXUQDFHWXEHVZLWKLQQHUZDOOFDUERQFRQWHQWVDWWKHUDQJHIURP
ZWWRZWZHUHDERXWRIWRWDOWHVWHGWXEHVSLHFHVRIIXUQDFHWXEHVZLWKLQQHUZDOOFDUERQFRQWHQWV
DW WKH UDQJH IURPZW WRZWZHUHDERXWRI WRWDO WHVWHG WXEHVSLHFHVRI IXUQDFH WXEHVZLWK
LQQHUZDOOFDUERQFRQWHQWVDWWKHUDQJHIURPZWWRZWZHUHDERXWRIWRWDOWHVWHGWXEHV:KLOH
SLHFHVRIIXUQDFHWXEHVZLWKLQQHUZDOOFDUERQFRQWHQWVPRUHWKDQZWZKLFKZHUHDERXWRI WRWDO
WHVWHGWXEHV


)LJ6WDWLVWLFRILQQHUZDOOFDUERQFRQWHQWRI&U1L1E0$DOOR\IXUQDFHWXEHV
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7KHLQQHUZDOOFDUERQFRQWHQWVRISLHFHV&U1L1E0$DOOR\IXUQDFHWXEHVZLWKGLIIHUHQWFDUEXUL]HGOD\HU
WKLFNQHVVPHQWLRQHGSUHYLRXVO\ZHUHGHWHFWHG7KHXSSHUUDQJHYDOXHRIFDUERQFRQWHQWRI&U1L1E0$DOOR\
IXUQDFHWXEHVLQVSHFLILFDWLRQVZDVZWRQHQJLQHHULQJJHQHUDOO\7KHLQQHUZDOOFDUERQFRQWHQWVRISLHFHV
IXUQDFHWXEHVZHUHVKRZQLQ)LJSLHFHVRIIXUQDFHWXEHVZLWKLQQHUZDOOFDUERQFRQWHQWVDWWKHUDQJHIURP
ZWWRZWZHUHDERXWRIWRWDOWHVWHGWXEHVSLHFHVRIIXUQDFHWXEHVZLWKLQQHUZDOOFDUERQFRQWHQWV
DW WKH UDQJH IURPZW WRZWZHUHDERXWRI WRWDO WHVWHG WXEHVSLHFHVRI IXUQDFH WXEHVZLWK
LQQHUZDOOFDUERQFRQWHQWVDWWKHUDQJHIURPZWWRZWZHUHDERXWRIWRWDOWHVWHGWXEHV


)LJ6WDWLVWLFRILQQHUZDOOFDUERQFRQWHQWRI&U1L1E0$DOOR\IXUQDFHWXEHV
3.3. Microstructure and property 
)LJXUHLOOXVWUDWHVPLFURVWUXFWXUHRIGLIIHUHQW]RQHRQWKHFURVVVHFWLRQRIWKH&U1L0$DOOR\IXUQDFHWXEH
ZLWKPPZDOOWKLFNQHVVDQGPPFDUEXUL]HGOD\HUWKLFNQHVV&RPSDUHGWRWKHRXWHUZDOO]RQHWKHQXPEHURI
FDUELGHVSUHFLSLWDWHGLQDXVWHQLWHJUDLQVZDVPRUHDWLQQHUZDOO]RQHWKDQDWRXWHUZDOO]RQHWKHVL]HRIWKHFDUELGHV
ZDVVLJQLILFDQWO\ ODUJHUDW WKH LQQHUZDOO]RQH WKDQDW WKHRXWHUZDOO]RQHZKLFKZDVGXH WRFDUEXUL]DWLRQ WDNLQJ
SODFHDWWKHLQQHUVXUIDFH

 C
)LJ0LFURVWUXFWXUHRIGLIIHUHQW]RQHIURP&U1L1E0$DOOR\IXUQDFHWXEHDIWHUFDUEXUL]LQJDRXWHUZDOOELQQHUZDOO
7KHPLFURVWUXFWXUHRIGLIIHUHQW]RQHRQWKHFURVVVHFWLRQRI WKH&U1L0$DOOR\IXUQDFHWXEHZLWKPP
ZDOO WKLFNQHVV DQG PP FDUEXUL]HG OD\HU WKLFNQHVV ZDV VKRZQ LQ )LJ  6LPLODU ZLWK WKH PLFURVWUXFWXUH RI
&U1L1E0$DOOR\ IXUQDFH WXEH FDUELGHVRIGLIIHUHQW VL]HV SUHFLSLWDWHG LQ DXVWHQLWH JUDLQV LQ WKH LQQHUZDOO
]RQHEXWQHDUO\DSSHDUHGDWWKHRXWHUZDOO]RQHZKLFKLQGLFDWHGWKHRFFXUUHQFHRIFDUEXUL]LQJDWWKHLQQHUZDOO]RQH
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 
)LJ0LFURVWUXFWXUHRIGLIIHUHQW]RQHVIURP&U1L1E0$DOOR\IXUQDFHWXEHDIWHUFDUEXUL]LQJDRXWHUZDOOELQQHUZDOO
6WDWLVWLFRI WKH9LFNHUVKDUGQHVV WHVW UHVXOWRQ FURVVVHFWLRQRI&U1L1E0$DOOR\DQG&U1L1E0$
DOOR\FDUEXUL]HGIXUQDFHWXEHVVKRZHGWKDWIRU&U1L1E0$DOOR\FDUEXUL]HGIXUQDFHWXEHKDUGQHVVYDOXHLQ
QR FDUEXUL]HG UHJLRQZDV DERXW a+9 WKHKDUGQHVVRI FDUEXUL]HG ]RQHZDV XS WRa+9)RU
&U1L1E0$DOOR\FDUEXUL]HGIXUQDFHWXEHVKDUGQHVVYDOXHLQQRFDUEXUL]HGUHJLRQZDVDERXWa+9
ZKLOHWKHKDUGQHVVRIFDUEXUL]HG]RQHZDVDERXWa+9
'LVFXVVLRQ
4.1. Comparison of anti carbonation performance  
&RPSDUHGWR&U1L1E0$DOOR\&UDQG1LFRQWHQWV LQFUHDVHGDERXWLQWKH&U1L1E0$DOOR\
7KHSURWHFWLYHOD\HUIRUPHGRQWKHVXUIDFHRI&USUHYHQWFDUERQGLIIXVLQJWRPDWUL[PDWHULDOZKLFKH[KLELWHGKLJKHU
UHVLVWDQFHWRKLJKWHPSHUDWXUHFDUEXUL]LQJRI&U1L1E0$DOOR\7KHGLIIXVLRQUDWHDQGWKHVROXELOLW\RIFDUERQ
LQ)H1L&U DOOR\ZHUH KLJKHU WKHUHIRUH WKHGLIIXVLRQ UDWH RI FDUERQZDV IDVWHU WKDQRWKHU HOHPHQWV LQ WKH DOOR\
PDWUL[QDPHO\VC!!VM 0UHIHUV WR&UDQGSDUWRI)H:KHQ WKHFDUERQFRQWHQW LQ WKHDOOR\ UHDFKHG WKHXSSHU
OLPLW RI VROXELOLW\ WKH UHGXQGDQW FDUERQZRXOG EH SUHFLSLWDWHG LQ WKH IRUP RI FDUELGHV +\SRWKHVLV WKH FDUELGHV
SUHFLSLWDWHGDVMnCmVROXELOLW\RIFDUERQLQWKHDOOR\FRXOGEHUHSUHVHQWHGDVIRUPXOD
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  
PD[      
m
G
n m n mRT
C M MC e CJ J

'  
ª º
 « »
« »¬ ¼
 
ǻG0ZDV IRUPDWLRQ IUHH HQHUJ\ RI FDUELGH ȖM DQG Ȗ&ZHUH WKH DFWLYLW\ FRHIILFLHQWV RIPHWDO HOHPHQWV0 DQG
FDUERQCMZDVFRQFHQWUDWLRQRIFDUELGHIRUPLQJHOHPHQW7RIRUPWKH0&FDUELGHDVDQH[DPSOHDFFRUGLQJWR
WKHIRUPXODZLWKWKH0HOHPHQWFDUELGHIRUPLQJHOHPHQWVLQFUHDVHGWKHXSSHUOLPLWVROXELOLW\CmaxGHFUHDVHG
FRQWUDULO\ LQFUHDVHG 7KHUHIRUH WKH &U1L1E0$ DOOR\ DSSHDUHG EHWWHU DQWL FDUEXUL]DWLRQ FDSDELOLW\ WKDQ
&U1L1E0$DOOR\>@
7KHDFWXDOWHVWLQJUHVXOWVDOVRYDOLGDWHGWKHGLYHUVLW\RQDQWLFDUEXUL]DWLRQSHUIRUPDQFHRIWKHWZRNLQGVPDWHULDO
IXUQDFHWXEHV$SHWURFKHPLFDOFRPSDQ\SURYLGHGSLHFHVRIWXEHVUHSODFHGIURPDHWK\OHQHS\URO\VLVIXUQDFHDIWHU
\HDUVVHUYLFHSLHFHRIWXEHZDV&U1L1E0$WKHRWKHURQHZDV&U1L1E0$7KHIRUPHUWXEHFXW
IURP WKH HQWUDQFHRI WKH UDGLDQW WXEH WKH ODWWHU WXEHZDV FXWWLQJ IURP WKHRXWOHW RI WKH UDGLDQW WXEH7KH VHUYLFH
WHPSHUDWXUH RI IXUQDFH WXEH DW WKH RXWOHW ZDV PXFK KLJKHU WKDQ DW WKH HQWUDQFH FDUEXUL]DWLRQ GHWHFWLRQ UHVXOWV
VKRZHG WKDW WKH FDUEXUL]HG OD\HU WKLFNQHVV RI &U1L1E0$ DOOR\ WXEHV DW WKH HQWUDQFH UDGLDQW XQGHU ORZHU
VHUYLFH WHPSHUDWXUH ZDV PRUH WKDQ  RI WKH ZDOO WKLFNQHVV ZKLOH WKH FDUEXUL]HG OD\HU WKLFNQHVV RI
&U1L1E0$ DOOR\ WXEHV DW WKH RXWOHW UDGLDQW XQGHU KLJKHU VHUYLFH WHPSHUDWXUH ZDV RQO\  RI WKH ZDOO
WKLFNQHVV
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4.2. Thickness of carburized layer and service time 
$FFRUGLQJWRWKHVWDWLVWLFRIFDUEXUL]HGOD\HUWKLFNQHVVGHWHFWLRQUHVXOWVIURPSLHFHV&U1L1E0$DOOR\
IXUQDFHWXEHVEHIRUHPHQWLRQHGFDUEXUL]HGOD\HUWKLFNQHVVRISLHFHVWXEHVZLWKWKHVHUYLFHWLPHOHVVWKDQ\HDUV
ZHUHQRW H[FHHGRI WKHZDOO WKLFNQHVV LQSLHFHVRI IXUQDFH WXEHVZLWK VHUYLFH WLPHDERXWa\HDUV WKH
FDUEXUL]HGOD\HUWKLFNQHVVRISLHFHVIXUQDFHWXEHVZHUHOHVVWKDQRIWKHZDOOWKLFNQHVVWKHFDUEXUL]HGOD\HU
WKLFNQHVVHVRISLHFHVIXUQDFHWXEHVZHUHPRUHWKDQRIWKHZDOOWKLFNQHVV
$FFRUGLQJWRWKHVWDWLVWLFRIFDUEXUL]HGOD\HUWKLFNQHVVGHWHFWLRQUHVXOWVIURPSLHFHV&U1L1E0$DOOR\
IXUQDFH WXEHVDIRUHPHQWLRQHGFDUEXUL]HG OD\HU WKLFNQHVVRISLHFHV IXUQDFH WXEHVZLWKVHUYLFH WLPH OHVV WKDQ
\HDUVZDVQRWH[FHHGRIWKHZDOOWKLFNQHVVFDUEXUL]HGOD\HUWKLFNQHVVRISLHFHIXUQDFHWXEHZLWKVHUYLFHWLPH
DERXW\HDUVZDVPRUHWKDQRIWKHZDOOWKLFNQHVV
$VIRU&U1L1E0$DOOR\FDUEXUL]HGIXUQDFHWXEHVVWDWLVWLFVKRZHGWKDWDIWHU\HDUVVHUYLFHWKHFDUEXUL]HG
OD\HUWKLFNQHVVDSSHDUHGPRUHWKDQRIWKHIXUQDFHWXEHZDOO WKLFNQHVVVRZKHQWKHVHUYLFHWLPHZDVXSWR
\HDUVLWZDVQHFHVVDU\WRGHWHFWFDUEXUL]DWLRQOD\HUWKLFNQHVVRQWKH&U1L1E0$PDWHULDOIXUQDFHWXEHV
4.3. Uneven carburized layer thickness circumferentially  
)RUPDFURVWUXFWXUH HWFKLQJ WHVW RI HWK\OHQH S\URO\VLV IXUQDFH WXEH DIWHU VHUYLFH RQ WKH VDPH FURVV VHFWLRQ LQ
GLIIHUHQW SDUWV RI WKH FDUEXUL]HG OD\HU WKLFNQHVV DSSHDUHG XQLIRUPLW\ RQ WKH VDPH FURVV VHFWLRQ WKH PD[LPXP
FDUEXUL]HG OD\HU WKLFNQHVVZDV DERXW  RI IXUQDFH WXEHZDOO WKLFNQHVV DQG WKHPLQLPXP RI FDUEXUL]HG OD\HU
WKLFNQHVVZDVOHVVWKDQRIWKHIXUQDFHWXEHZDOOWKLFNQHVVZKLFKZDVVKRZQLQ)LJ
&DUEXUL]DWLRQ ZDV WKH SURFHVV WKDW FDUERQ DWRPV GLIIXVLQJ IURP PHWDO VXUIDFH WR LQWHUQDO PHWDO PDWUL[ 7KH
FDUEXUL]HG OD\HU WKLFNQHVVZDVGHFLGHGE\ IDFWRUVDQWLFDUEXUL]DWLRQSHUIRUPDQFHRIPDWHULDOFDUEXUL]LQJ WLPH
DQGGLIIXVLRQUDWHRIFDUERQ7KHVHUYLFHWLPHRIWXEHVZLWKVDPHPDWHULDOFXWWLQJIURPRQHS\URO\VLVIXUQDFHZHUH
HTXLYDOHQWWKHXQHYHQFDUEXUL]LQJWKLFNQHVVZDVPDLQO\FDXVHGE\WKHGLIIHUHQFHVRIWKHFDUERQGLIIXVLRQUDWH7KH
FDUERQGLIIXVLRQUDWHZDVPDLQO\GHWHUPLQHGE\FRQFHQWUDWLRQRIFDUERQDQGWKHVHUYLFHWHPSHUDWXUHWKHPHGLXPV
LQ WKH WXEHV DW VDPH FURVVVHFWLRQZHUH HTXLYDOHQW WKHUHIRUH WKH GLIIHUHQFH RI FDUEXUL]HG OD\HU WKLFNQHVV RQ WKH
VDPHFURVVVHFWLRQZDVPDLQO\GXHWRWKHXQHYHQRIWHPSHUDWXUHILHOGLQS\URO\VLVIXUQDFH


)LJ7KHUHVXOWRIPDFURVWUXFWXUHHWFKLQJWHVW
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&RQFOXVLRQV
$FFRUGLQJWRWKHVWDWLVWLFRIFDUEXUL]HGOD\HUWKLFNQHVVGHWHFWLRQDQGLQQHUZDOOFDUERQFRQWHQWGHWHFWLRQUHVXOWV
IURP  SLHFHV &U1L1E0$ DQG  SLHFHV &U1L1E0$ DOOR\ IXUQDFH WXEHV DIRUHPHQWLRQHG WKH
FRQFOXVLRQVFRXOGEHGUDZQDVIROORZLQJ
 ,QSLHFHV&U1L1E0$DOOR\ IXUQDFH WXEHV FDUEXUL]HG OD\HU WKLFNQHVVRISLHFHV WXEHVZLWK WKH
VHUYLFHWLPHOHVV WKDQ\HDUVZHUHQRWH[FHHGRI WKHZDOO WKLFNQHVV LQSLHFHVIXUQDFHWXEHVZLWKVHUYLFH
WLPH DERXW a \HDUV WKH FDUEXUL]HG OD\HU WKLFNQHVV RI  SLHFHV IXUQDFH WXEHVZHUH OHVV WKDQ  RI WKHZDOO
WKLFNQHVVWKHFDUEXUL]HGOD\HUWKLFNQHVVRISLHFHVIXUQDFHWXEHVZHUHPRUHWKDQRIWKHZDOOWKLFNQHVV
,QSLHFHV&U1L1E0$DOOR\IXUQDFHWXEHVFDUEXUL]HGOD\HUWKLFNQHVVRISLHFHVIXUQDFHWXEHVZLWK
VHUYLFHWLPHOHVVWKDQ\HDUVLVQRWH[FHHGRIWKHZDOOWKLFNQHVVFDUEXUL]HGOD\HUWKLFNQHVVRISLHFHIXUQDFH
WXEHZLWKVHUYLFHWLPHDERXW\HDUVLVPRUHWKDQRIWKHZDOOWKLFNQHVV
$FNQRZOHGJHPHQWV
7KLV ZRUN LV ILQDQFLDOO\ VXSSRUWHG E\ WKH )RXQGDWLRQ IRU 6FLHQWLILF 5HVHDUFK ,QVWLWXWH IURP WKH 0LQLVWU\ RI
6FLHQFH DQG 7HFKQRORJ\ RI &KLQD 1DWLRQDO ,QVWUXPHQWDWLRQ 3URJUDP *UDQW 1R <4 DQG $QKXL
6FLHQFHDQG7HFKQRORJ\3URMHFWIRU7DFNOLQJ.H\3UREOHPV*UDQW1RF
5HIHUHQFHV
>@ /XL]+HQULTXHGH$OPHLGD$QGUH)UHLWDV5LEHLUR,DLQ/H0D\0LFURVWUXFWXUDOFKDUDFWHUL]DWLRQRIPRGLILHG&U±1LFHQWULIXJDOO\FDVW
VWHHOIXUQDFHWXEHV>-@0DWHULDOFKDUDFWHUL]DWLRQ
>@ ($.HQLN3-0D]LDV]5:6ZLQGHPDQ-&HUYHQND'0D\6WUXFWXUHDQGSKDVHVWDELOLW\LQDFDVWPRGLILHG+3DXVWHQLWHDIWHUORQJ
WHUPDJHLQJ>-@6FULSWD0DWHULDO
>@ $$.D\D0LFURVWUXFWXUHRI+.DOOR\DIWHUKLJKWHPSHUDWXUH VHUYLFH LQR[LGL]LQJRU FDUEXUL]LQJHQYLURQPHQW ,,&DUEXUL]DWLRQDQG
FDUELGHWUDQVIRUPDWLRQV>-@0DWHULDOFKDUDFWHUL]DWLRQ
>@ &KHQ7DR&KHQ;XHGRQJ/X<XQURQJ$L=KLELQ )DQ=KLFKDR 6WDWXV RI VDPSOLQJ WHVWLQJ RI HWK\OHQH S\URO\VLV IXUQDFH WXEHV LQ
&KLQD>-@3UHVVXUH9HVVHO7HFKQRORJ\
>@ /LDQ;LDRPLQJ&KHQ;XHGRQJ/X<XQURQJ&KHQ7DR,QIOXHQFHRIKLJKWHPSHUDWXUHDJLQJRQWKHFDUELGHVRI&U1L1EDOOR\V>-@
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
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PHDVXUHPHQWVDQGJHQHWLFDOJRULWKP>-@6FULSWD0DWHULDOLD
>@ ,&6LOYD566LOYD-0$5HEHOOR$&%UXQR7)6LOYHUD&KDUDFWHUL]DWLRQRIFDUEXUL]DWLRQRI+3VWHHOVE\QRQGHVWUXFWLYHPDJQHWLF
WHVWLQJ1'7˂(,QWHUQDWLRQDO>-@
>@ .-6WHYHQV$-7DFN&:7KRPDV'6WHZDUW7KURXJKZDOOFDUEXUL]DWLRQGHWHFWLRQLQHWK\OHQHS\URO\VLVWXEHV>-@-RXUQDORI3K\VLFV
'$SSOLHG3K\VLFV
>@ 7 &KHQ ;' &KHQ &- /LX - <H ') 1LH&DEXUL]DWLRQ RI HWK\OHQH S\URO\VLV IXUQDFH WXEH LQ D SHWURFKHPLFDO SODQW
3URFHHGLQJVRIWKH$60(3UHVVXUH9HVVHOV	3LSLQJ'LYLVLRQ&RQIHUHQFH>&@-XO\
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
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
>@ 1DFH706WDQGDUGWHVWPHWKRGVIRUPHDVXULQJWKHFDUEXUL]DWLRQRIDOOR\VIRUHWK\OHQHFUDFNLQJIXUQDFHWXEHV>6@
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